To compare gadoteridol and ferumoxytol for measurement of relative cerebral blood volume (rCBV) in patients with glioblastoma multiforme (GBM) who showed progressive disease at conventional magnetic resonance (MR) imaging after chemo-and radiation therapy (hereafter, chemoradiotherapy) and to correlate rCBV with survival.
Results:
With ferumoxytol, rCBV was low in nine (47%) patients, with median overall survival (mOS) of 591 days, and high rCBV in 10 (53%) patients, with mOS of 163 days. A hazard ratio of 0.098 (P = .004) indicated significantly improved survival. With gadoteridol, rCBV was low in 14 (74%) patients, with mOS of 474 days, and high in five (26%), with mOS of 156 days and a nonsignificant hazard ratio of 0.339 (P = .093). Five patients with mismatched high rCBV with ferumoxytol and low rCBV with gadoteridol had an mOS of 171 days. When leakage correction was applied, rCBV with gadoteridol was significantly associated with survival (hazard ratio, 0.12; P = .003).
Conclusion:
Ferumoxytol as a blood pool agent facilitates differentiation between tumor progression and pseudoprogression, appears to be a good prognostic biomarker, and unlike gadoteridol, does not require contrast agent leakage correction.
NEURORADIOLOGY: Pseudoprogression of Glioblastoma after Chemo-and Radiation Therapy Gahramanov et al
Drug Administration for iron replacement therapy in adults with chronic kidney disease, has shown utility in brain imaging (24) (25) (26) . Because ferumoxytol does not undergo renal elimination, it may serve as an alternative to GBCA in patients who are at risk for nephrogenic systemic fibrosis (27) . Ferumoxytol acts as a blood pool agent shortly after administration because the iron nanoparticles are large (approximately 30 nanometers), and vascular localization is not compromised by the leaky blood-brain barrier (25) . In addition, unlike other iron oxide nanoparticle contrast agents, ferumoxytol is administered as a fast bolus injection in therapeutic use (26) . For these reasons, we hypothesized that ferumoxytol has the potential to allow measurement of rCBV more reliably than does GBCA. The goal of this study was to compare gadoteridol versus ferumoxytol for measurement of relative cerebral blood volume (rCBV) in patients with glioblastoma multiforme who showed progressive disease at conventional magnetic resonance (MR) imaging after chemoradiotherapy and to correlate rCBV with survival. tumor progression, recover or stabilize spontaneously, generally without any changes in their treatment paradigm. Moreover, pseudoprogression is associated with a favorable prognosis and with O-6-methylguanine-DNA methyltransferase methylation status (4, 5) .
Conventional T2-weighted and contrast material-enhanced T1-weighted MR imaging sequences do not allow differentiation of tumor progression from pseudoprogression (5, 9) . Therefore, there is an urgent need to develop imaging tools that will assist clinicians in evaluating treatment effects and allow them to make appropriate therapeutic decisions. One of these imaging modalities is dynamic susceptibility-weighted contrast-enhanced (DSC) MR imaging measurement of relative cerebral blood volume (rCBV), which has been used for glioma grading (10-13), assessment of prognosis for patients with gliomas (13) (14) (15) (16) (17) , and differentiation of recurrent tumor from radiation necrosis (18) (19) (20) . High rCBV values indicate active neovascularization and a viable tumor (16, 21, 22) . Accurate measurement of tumor rCBV by using standard DSC modeling approaches requires intravascular localization of contrast agent, which is compromised by the leaky blood-brain barrier present in patients with malignant brain tumors, especially after chemoradiotherapy. Rapid extravasation of a low-molecular-weight gadolinium-based contrast agent (GBCA) can result in underestimation of tumor rCBV (19) (20) (21) 23) .
Ferumoxytol, a very small superparamagnetic iron oxide nanoparticle that is approved by the U.S. Food and R adiation therapy in combination with temozolomide chemotherapy (hereafter, chemoradiotherapy) shows a significant survival benefit in patients with newly diagnosed glioblastoma multiforme (GBM) and has become the standard of care (1). However, radiologic deterioration is seen in patients more frequently after chemoradiotherapy than in those who receive radiation alone. Radiologic deterioration appears as an enlarged area of enhancement on contrast materialenhanced T1-weighted magnetic resonance (MR) images in up to 50% of all patients who have received chemoradiotherapy (2-4). Radiologic deterioration with or without clinical worsening can reflect either tumor progression or treatment-induced inflammatory change with increased permeability of the blood-brain barrier, which is known as pseudoprogression (5) (6) (7) (8) . Apparent tumor progression on MR images may actually represent pseudoprogression in up to 64% of cases (4) . Patients with pseudoprogression, unlike those with Implication for Patient Care n Perfusion MR imaging with ferum uoxytol can assist clinicians in establishing which patients have active glioblastoma multiforme after chemoradiotherapy and should begin second line or experimental therapy without delay, and which patients have a better prognosis and would benefit from continuation of adjuvant temozolomide.
Advances in Knowledge
n The results of this study confirm that brain tumor blood volume measurements are underestimated when gadoteridol, a lowmolecular-weight gadoliniumbased contrast agent, is used, most likely because of extravasation artifacts, and leakage correction is necessary to improve the accuracy of rCBV estimation.
n Ferumoxytol as a blood pool agent offers reliable and simplified modeling of tumor blood volume assessment with no need of leakage correction.
n Tumor blood volume estimated by using perfusion MR imaging with ferumoxytol or leakage-corrected perfusion MR imaging with gadoteridol, unlike nonleakage-corrected perfusion MR imaging with gadoteridol, may facilitate diagnosis of pseudoprogression and is significantly associated with survival.
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For DSC MR imaging, dynamic T2*-weighted images were acquired by using a gradient-echo echo-planar imaging pulse sequence (repetition time msec/echo time msec, 1500/20; flip angle, 45°; field of view, 192 3 192 mm; matrix, 64 3 64; and 27 interleaved sections at 3 T or 13 sections at 7 T; section thickness, 3 mm; and section gap, 0.9 mm). After patients underwent a baseline period of seven imaging volumes (11 seconds), a rapid bolus of contrast agent was administered intravenously through an 18-gauge intravenous catheter at a rate of 3 mL per second by using a power injector (Spectris Solaris-Medrad, Warrendale, Pa), immediately followed by 20 mL of saline flush at the same rate. DSC data collection comprised a total of 90 series (2 minutes 21 seconds). Gadoteridol was injected at a dose of 0.1 mmol/ kg of body weight. The ferumoxytol dose was dependent on the protocol in which the patient was enrolled and was administered at either 2 mg/kg, 1 mg/ kg, or in a constant volume of 2.5 mL diluted with 2.5 mL of saline (75 mg) regardless of body weight. T1-weighted anatomic MR imaging was performed before and 20 minutes after gadoteridol administration by using a two-dimensional spin-echo sequence (900/10; field of view, 180 × 240 mm; matrix, 256 × 192; sections, 44; section thickness, 2 mm, gapless).
Imaging Analysis
All data were acquired (S.G. and C.V., with 4 and 8 years of experience, respectively), processed (S.G., C.V., and B.H., with 10 years of experience) and analyzed (D.K. and R.F., with 15 and 10 years of experience, respectively). The neuroradiologists (S.G., C.V., and B.H.) were blinded to survival data. All DSC MR imaging data were processed with a dedicated software package (NordicICE; NordicNeuroLab, Bergen, Norway). The rCBV maps were generated by using established tracer kinetic models applied to the first-pass data (28, 29) without and with application of the mathematic leakage correction method (30) . Leakage correction was applied only when gadoteridol was used criteria were excluded from analysis. Inclusion criteria common to all protocols were Karnofsky Performance Score greater than 50 and absence of contraindication for GBCA or ferumoxytol administration. Collected patient data included age, sex, extent of surgery, radiation dose, date of chemoradiotherapy, date of first conventional MR imaging examination that was suggestive of progression, date of DSC MR imaging examination of the study, ferumoxytol and gadoteridol dose, dexamethasone dose, and antiangiogenic treatment after study. The patients were followed up until death or the date of their last follow-up examination. Patients who were still alive at the time of analysis were treated as censored cases for the data analysis.
Magnetic Resonance Imaging
Nineteen patients who underwent conventional MR imaging after chemoradiotherapy and received results that suggested progression of the disease were included. Patients underwent a total of 19 MR imaging sessions on two consecutive days. On the first day, unenhanced and contrast-enhanced T1-weighted images and DSC MR images were acquired by using gadoteridol gadolinium (III) chelate (ProHance, Bracco Diagnostic, Princeton, NJ). On the following day, the same MR imaging sequences were performed by using ferumoxytol (AMAG Pharmaceuticals, Cambridge, Mass). AMAG Pharmaceuticals provided ferumoxytol free of charge. The authors had full control of the data and the information submitted for publication. No patient had any complications during the MR imaging examinations.
MR imaging sessions for 18 of the 19 patients were conducted by using a 3-T whole-body MR imaging system (Tim Trio; Siemens, Erlangen, Germany) with a body radiofrequency coil transmitter and a 12-channel matrix head coil signal receiver. One patient underwent MR imaging sessions with a 7-T MR imaging system (Magnetom 7 T, Siemens) equipped with an eightchannel phased-array transmit-receive radiofrequency head coil (Rapid Biomedical, Rimpar, Germany).
Materials and Methods
Between April 2007 and October 2009, 19 patients with GBM were prospectively studied in one of four different research imaging protocols that were sponsored by the National Institutes of Health and approved by the institutional review board. The four protocols were designed to compare anatomic and dynamic MR imaging by using GBCA versus ferumoxytol. The number of patients from each protocol that were included in our analysis and the objective of each protocol were as follows: six patients from protocol 2753 (http: //clinicaltrials.gov/ct2/show/NCT006-60543?term=neuwelt+and+portland&-rank=3), which was a study of serial imaging changes of GBM patients before and after chemoradiotherapy; five patients from protocol 2864 (http://clinicaltrials.gov/ct2/show/NCT00659126?term =neuwelt+and+portland&rank=8), a study of sequential imaging with gadoteridol and ferumoxytol at 3-T and 7-T MR imaging in patients with primary or metastatic brain tumors either before or after therapy; seven patients from protocol 1562 (http://clinicaltrials.gov/ ct2/show/NCT00659776?term=neuwelt +and+portland&rank=6), a study of MR imaging of central nervous system inflammatory lesions with intravenous gadoteridol and ferumoxytol; and one patient from protocol 3678 (http:// clinicaltrials.gov/ct2/show/NCT007690-93?term=neuwelt+and+portland&rank =10), a comparison of imaging changes induced by bevacizumab versus dexamethasone in patients with recurrent high-grade glioma. As of October 2009, 84 patients were imaged in these four protocols, 27 (32%) had a diagnosis of GBM, and 19 patients with GBM met the inclusion criteria for our study. Informed written consent was obtained from all patients.
Inclusion criteria for this analysis included histologically proved GBM (World Health Organization classification, grade IV) and apparent tumor progression at conventional MR imaging after standard postsurgical treatment of radiation therapy and chemotherapy with temozolomide. No patients who met the inclusion NEURORADIOLOGY: Pseudoprogression of Glioblastoma after Chemo-and Radiation Therapy Gahramanov et al by using gadoteridol without leakage correction showed rCBV less than or equal to 1.75 in 14 (74%) patients (0.41 6 0.36) and rCBV greater than 1.75 in five (26%) patients (4.1 6 0.7). With leakage correction, the rCBV was less than or equal to 1.75 in 10 (53%) patients (0.79 6 0.55) and greater than 1.75 in nine (47%) patients (4.1 6 1.26) (Fig 1A and 1B) . All nine patients who had low rCBV with ferumoxytol also had low rCBV with gadoteridol without and with leakage correction. Figure 2 shows a representative patient in whom conventional MR imaging suggested tumor progression but in whom DSC MR imaging with both ferumoxytol and gadoteridol showed low rCBV. Such results were unambiguously classified as pseudoprogression. All five patients who had high rCBV with gatoderidol without leakage correction and nine patients with leakage correction also had high ferumoxytol rCBV (Fig 1A and 1B) . Figure 3 shows a patient who had high rCBV with both contrast agents, particularly at the tumor margin, which is indicative of true tumor progression. In five patients, rCBV values for ferumoxytol and gadoteridol were mismatched, where rCBV was greater than 1.75 with ferumoxytol and less than 1.75 with gadoteridol. However, after leakage correction application, only one patient had mismatched values (Fig 1A and 1B) . The representative patient images in Figure 4 show progression in the posterior lesion with ferumoxytol and pseudoprogression with gadoteridol. With the application of leakage correction, accuracy of gadoteridol rCBV estimation improved and was suggestive of tumor progression. Bland-Altman plots showed that the average of the differences between rCBV values obtained by using ferumoxytol and those obtained by using gadoteridol was 1.12, and between rCBV values with ferumoxytol and those with gadoteridol with leakage correction, the difference was reduced to 0.14 ( Fig 1C and 1D) .
At the time of analysis, 15 of 19 (79%) patients had died and four of 19 (21%) patients were still alive at the time of analysis (mean survival, 1049 days; range, 483-1331 days). The mOS in all patients from DSC MR imaging to the Student paired t test and were graphed by using Bland-Altman plots.
For each contrast agent, median overall survival (mOS) and 95% confidence interval (CI) were assessed in each group by using Kaplan-Meier product limit estimates, and the groups were compared by using the log-rank test. When the upper limit of the 95% CI was not estimable, the highest observed survival time was reported. In addition, Cox proportional hazards models were fitted to estimate the hazard ratios separately for each contrast agent. These survival analyses were performed by using four different rCBV cutoff values (1.5, 1.75, 2.0, 2.5) for ferumoxytol, gadoteridol, and gadoteridol with leakage correction. A P value less than .05 was considered to indicate a significant difference. All analyses were performed by using SAS Version 9.2 for Windows (SAS Institute, Cary, NC).
Results
Nineteen patients with GBM showed apparent tumor progression on conventional MR images obtained within one year of chemoradiotherapy. In 16 of 19 (84%) patients, DSC MR imaging studies were performed within 6 months after completion of chemoradiotherapy, and three (16%) patients underwent DSC MR imaging 9, 10, and 11 months after chemoradiotherapy.
The mean and standard deviation for rCBV values in the entire group measured by using ferumoxytol, gadoteridol, and gadoteridol with leakage correction were 2.5 6 2.1, 1.38 6 1.73, and 2.36 6 1.94, respectively, with a statistically significant difference between ferumoxytol and gadoteridol (P = .003), and between ferumoxytol and gadoteridol with leakage correction (P = .008). When leakage correction was applied, rCBV values measured with gadoteridol were not different from those measured with ferumoxytol (P = .33). On the basis of DSC MR imaging with ferumoxytol, nine (47%) patients had rCBV values less than or equal to 1.75 (0.6 6 0.19) and 10 (53%) patients had rCBV values greater than 1.75 (4.21 6 1.38) (Fig 1A and 1B) . In the same patients, DSC MR imaging because ferumoxytol is an intravascular contrast agent and eliminates the need for correction, and all correction methods were developed for GBCAs. On a pixel-by-pixel basis, the rCBV maps were normalized by dividing every rCBV value by the unaffected white matter rCBV value. The normalized rCBV maps were coregistered and displayed as color overlays on gadoteridolenhanced T1-weighted images. In the enhancing lesion, a 2 3 2 pixel (6 3 6 mm) region of interest with the highest rCBV value on the ferumoxytol rCBV parametric map and the same region of interest on the gadoteridol rCBV parametric map were analyzed. Areas showing major vessels, obvious hemorrhage, and visible cystic and necrotic changes were excluded from regions of interest. Previous studies showed that a threshold rCBV ratio of 1.75, which was measured by using DSC MR imaging with GBCA, was predictive of time to progression or survival (14, 16) . Our prior study results showed the feasibility of this cutoff value for ferumoxytol as well (21) . Therefore, in this study, we considered an rCBV greater than 1.75 to be high (active tumor) and rCBV less than or equal to 1.75 to be low (pseudoprogression). However, we also tested alternative cutoff values. By using the NordicICE software, we generated first-order estimates of vascular permeability or leakage maps, referred to as K2 in the Boxerman et al study (30) , from DSC MR imaging data for both contrast agents for contrast agent extravasation visualization and assessment.
Statistical Analysis
To assess whether rCBV measurements allow differentiation of active tumor from pseudoprogression and to predict prognosis by using DSC MR imaging with ferumoxytol or GBCA, we classified each patient into one of two groups on the basis of rCBV value (rCBV . 1.75 and rCBV  1.75) for ferumoxytol, gadoteridol, and gadoteridol with leakage correction. Mean and standard deviation of rCBV measurements were obtained for each group. Differences between groups were assessed by using
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For gadoteridol without leakage correction, the mOS was 474 days (95% CI: 171, 1232 days) in patients with rCBV less than or equal to 1.75 and 156 days (95% CI: 24, 484 days) in patients with rCBV greater than 1.75 (P = .079). The estimated hazard ratio for rCBV values less than or equal to 1.75 with gadoteridol was 0.339 (95% CI: 0.096, 1.197, P = .093) also indicating improved survival in patients with rCBV values less than or equal to 1.75, but it was not a statistically significant difference. Testing rCBV cutoff values 0.020, 0.481; P = .004), indicating significantly improved survival in patients with rCBV values less than or equal to 1.75. The same results were obtained by using an rCBV cutoff value of 1.5 or 2.0 for ferumoxytol, but by using a cutoff of 2.5, the mOS was 576 days (95% CI: 286-1232 days) in patients with rCBV values less than or equal to 2.5 and 156 days (95% CI: 24, 295 days) in patients with rCBV values greater than 2.5 (P , .001), with an estimated hazard ratio of 0.120 (95% CI: 0.030, 0.482; P = .003) for rCBV values less than or equal to 2.5. death or last follow-up examination was 314 days (95% CI: 156, 591 days). The Kaplan-Meier estimates of survival for patients with high and low rCBV values are shown in Figure 5 .
For ferumoxytol, the mOS was 591 days (95% CI: 286, 1232 days) for patients with rCBV values less than or equal to 1.75 and 163 days (95% CI: 24, 295 days) for those with values greater than 1.75 (log-rank P value , .001). The estimated hazard ratio for rCBV values less than or equal to 1.75 measured by using ferumoxytol was 0.098 (95% CI: 
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Gahramanov et al survival of 315 days. None of the leakage maps showed ferumoxytol extravasation, but gadoteridol leakage was apparent in all cases (Figs 2-4 ).
Discussion
Our study results showed the role of rCBV measurement in differentiating tumor progression from pseudoprogression and predicting survival in GBM patients who appeared to have progressive disease at conventional MR imaging after chemoradiotherapy. There is a significant difference in survival between patients with low versus high rCBV with ferumoxytol, and this binary cutoff set in a range between 1.5 and 2.0 returns the same prediction capacity. Absence of ferumoxytol extravasation shown on leakage maps indicated the estimated hazard ratio for rCBV less than or equal to 2.5 was 0.182 (95% CI: 0.050, 0.659; P = .009), and by using the rCBV cutoff of 1.5, the mOS was 591 days (95% CI: 286, 1232 days) in patients with rCBV less than or equal to 1.5 and 163 days (95% CI: 24, 295 days) with rCBV greater than 1.5 (P , .001) and the estimated hazard ratio for rCBV less than or equal to 1.5 was 0.098 (95% CI: 0.020, 0.481; P = .004), which was the same as for rCBV measured with ferumoxytol with cutoff values between 1.5 and 2.0. The mOS in five patients with discordance between ferumoxytol and gadoteridol rCBV was 171 days (95% CI: 73, 315 days) indicating poor survival due to tumor progression (Fig 1, A) ; however, after leakage correction application only one patient had rCBV mismatch, with of 1.5, 2.0, and 2.5 for gadoteridol resulted in the same outcome as that for 1.75.
For gadoteridol with leakage correction, the mOS was 576 days (95% CI: 286, 1232 days) in patients with rCBV less than or equal to 1.75 and 156 days (95% CI: 24, 295 days) in patients with rCBV greater than 1.75 (P , .001). The estimated hazard ratio for rCBV values less than or equal to 1.75 was 0.12 (95% CI: 0.030, 0.482; P = .003) also indicating significantly improved survival in patients with rCBV less than or equal to 1.75. These were the same as they were when using a cutoff value of 2.0. The mOS was 561 days (95% CI: 286, 1232 days) in patients with rCBV less than or equal to 2.5 and 163 days (95% CI: 24, 295 days) in patients with rCBV greater than 2.5 (P = .004) and 
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Gahramanov et al pulse sequence details must be taken into account on correction methods for proper leakage correction with GBCA. Leakage correction works best with limited extravasation rates, above which the blood space and extravascular extracellular space becomes intrinsically indistinguishable when GBCA is used, and the derived rCBV value and leakage rate are no longer independent. The results of our preclinical rodent study also showed that brain tumor rCBV was underestimated when GBCA was used in a human high-grade glioma xenograft, and the accuracy of the measurement was improved by using the preload leakage correction method; however, rCBV values depended on the dose of contrast agent preload (37) . By using ferumoxytol for DSC MR imaging in the same animals, we obtained consistent and rCBV underestimation, which can potentially lead to incorrect diagnosis, treatment, and prognosis and necessity of leakage correction. The issue of GBCA extravasation during perfusion MR imaging of lesions with a disrupted blood-brain barrier and the resulting underestimation of rCBV is well known and has been shown by multiple investigators (18) (19) (20) . To improve the diagnostic accuracy of DSC MR imaging, several methods have been proposed for leakage correction, such as the use of small flip-angle gradient-echo (11, 31, 32) or dual-echo (33, 34) perfusion acquisitions, a preload method (33, 34) , or postprocessing with multiple mathematic correction algorithms (30, 35, 36) , but these still have a lack of consistency and reproducibility. Magnetic field strength differences and MR that leakage correction is not necessary with ferumoxytol. The results based on rCBV with gadoteridol without leakage correction are similar but not statistically significant for all tested cutoff values. In addition, rCBV values obtained with gadoteridol that suggested pseudoprogression were not correct in five patients with a short survival, and rCBV with ferumoxytol indicated a progressive tumor in these patients. Use of leakage correction resulted in improvement of gadoteridol rCBV estimation, which was not significantly different from ferumoxytol rCBV values. Moreover, leakage-corrected gadoteridol rCBV values with a cutoff of 1.5 were significantly associated with survival and matched the ferumoxytol rCBV cutoff range of 1.5-2.0. This finding shows the effect of GBCA extravasation 
Gahramanov et al true progressive disease may not be included in second line or experimental therapy without delay; (c) retrospective diagnosis of pseudoprogression cannot be made if a patient's condition required an increase in steroid dose or antiangiogenic therapy to decrease mass effect; (d) new or increased enhancement more than 3 months after chemoradiotherapy does not necessarily indicate true tumor progression because pseudoprogression can be seen beyond this time frame; (e) further increases of enhancement on the second follow-up MR imaging examination could be caused not only by tumor progression but also by continuation of treatment-related inflammatory reaction; (f) the inability to reliably (41, 42) . The current standard-of-practice recommendation in patients with increased or new enhancement within 3 months after completion of chemoradiotherapy is to continue adjuvant temozolomide treatment for one to three cycles (40, 43, 44) . If repeated MR imaging 1-3 months after the first MR imaging examination shows no further progression or even a decrease of enhancement and the patient is on adjuvant temozolomide treatment with a stable dose of steroids and without antiangiogenic therapy, then diagnosis of pseudoprogression can be made retrospectively. This approach has limitations because (a) ineffective therapy may be continued in patients with true progressive disease; (b) patients with rCBV estimation regardless of the permeability of the tumor vasculature and independent of contrast agent preload. Current treatment response evaluation criteria, such as the McDonald criteria, Response Evaluation Criteria in Solid Tumors, and Response Assessment in Neuro-Oncology (RANO) Working Group, are based on conventional MR imaging sequences and cannot allow reliable differentiation of progression from pseudoprogression (38) (39) (40) . This is the major reason that there was no significant difference in survival shown in patients with progressive disease versus those with no progression (stable or partial response) based on McDonald criteria 1 month after chemoradiotherapy in two studies 
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These findings are in agreement with those of other investigations regarding the role of perfusion MR imaging in this dilemma (14, 41) . Unlike authors of other studies, we compared DSC MR imaging by using low-molecularweight GBCA versus high-molecularweight ferumoxytol in the patients with conventional MR imaging can assist clinicians in avoiding continuation of ineffective therapy, starting second line or experimental therapy without delay in patients with active tumors, and establishing the patients who have a better prognosis and who will benefit from continuation of adjuvant temozolomide.
differentiate tumor progression from pseudoprogression can cause inclusion of patients with pseudoprogression in experimental protocols, with further false-positive response to experimental treatment.
Our study indicated that perfusion MR imaging in conjunction with : Charts show survival of GBM patients according to rCBV by using four cutoff values. Tumor rCBV was measured by using ferumoxytol versus gadoteridol and gadoteridol with leakage correction (LC). Kaplan-Meier survival curves show best survival prediction by using rCBV values obtained with ferumoxytol (P , .001) when cutoff range is between 1.5 and 2.0, and the same result was achieved with gadoteridol leakage correction with cutoff of 1.5. By using gadoteridol, survival prediction is similar but not statistically significant (P = .079) for all cutoff values. Colored areas indicate 95% CIs. correlation between ferumoxytol dose and rCBV value. It is likely that within a detectable dosage range the findings of the study were independent of ferumoxytol dose. The fifth limitation of this study was the difference in timing of DSC MR imaging among patients. Although most patients (84%) were studied within 6 months after chemoradiotherapy, which is the time period when pseudoprogression is thought to occur, three patients were included in the study 9, 10, and 11 months after chemoradiotherapy. Nonetheless, ferumoxytol DSC MR images showed that one of these patients had pseudoprogression rather than true tumor progression. Although this study included only patients with GBM, the diagnostic dilemma of pseudoprogression may be valid for any brain tumor requiring radiation without or with concomitant chemotherapy.
On the basis of our findings, we propose that tumor blood volume assessment by using perfusion MR imaging with ferumoxytol may help clinicians to differentiate true tumor progression from pseudoprogression in patients with GBM who show radiologic progression at conventional MR imaging after chemoradiotherapy. Unlike GBCA, ferumoxytol does not require leakage correction application. The rCBV values obtained by using ferumoxytol and leakage-corrected gadoteridol appear to be good prognostic biomarkers and may improve disease management by allowing clinicians to choose the correct treatment strategy without delay. Leakage correction is necessary to improve accuracy of rCBV estimation when GBCA is used, and despite that misestimation of rCBV, still can occur in some cases. Furthermore, the effectiveness of leakage correction may depend on the rate constant of GBCA extravasation (ie, K trans ), a dimension that we did not investigate. Ferumoxytol, because of the absence of extravasation during DSC acquisition, greatly simplifies modeling and holds promise for evaluation of tumor behavior and response to therapy in patients with brain tumors. apparent progression at conventional MR imaging after chemoradiotherapy and assessed the ability of mathematic leakage correction to improve accuracy of rCBV estimation.
One of the limitations of this study was the inclusion of only 19 patients. Even so, 70% of patients with high rCBV values with ferumoxytol died before the first death among patients with low rCBV with ferumoxytol. Thus, rCBV values with ferumoxytol appeared to be a strong predictor of prognosis and similar to rCBV values with leakage-corrected gadoteridol. In addition, survival prediction with rCBV with ferumoxytol was robust in a wide range of rCBV cutoff values. Larger confirmatory studies are required to validate the findings of this study. A second limitation is that only one type of leakage correction method was tested. Paulson et al (35) found variability in tumor rCBV depending on the choice of five different mathematic correction algorithms. Moreover, our preclinical study (37) results showed the inconsistency of preload methods for leakage correction. The most commonly used of these two methods required either sophisticated postprocessing or high contrast-agent dose exposure but was still inconsistent. The third potential limitation was the difference in the treatment after the study, which may have affected the overall survival rates. However, most of the patients in this study received antiangiogenic treatment, and there was no marked survival benefit from the use of different chemotherapy regimens in patients with recurrent GBM. The use of three different ferumoxytol doses for DSC MR imaging was the fourth limitation of our study. MR imaging signal intensity may be affected by ferumoxytol dose. Because there is not a recommended standard dose of ferumoxytol for DSC MR imaging, we tested a variety of doses in different protocols. Ferumoxytol has a greater apparent transverse relaxivity than GBCA and causes more signal decrease on T2* sequences, and therefore less contrast agent is required for perfusion MR imaging. We found no
